Introduction
NOvA is a long baseline neutrino experiment looking for ν µ to ν e oscillations that utilizes NuMI (Neutrinos at the Main Injector) at Fermilab. The NuMI beamline has been constructed to deliver an intense ν µ beam to various neutrino experiments for the Fermilab neutrino program. NuMI produces a tertiary neutrino beam by steering a 120 GeV proton beam onto a narrow 1.2 m long graphite target through a collimating baffle. Magnetic horns select the charged particles, mainly pions and kaons produced (positive for neutrinos and negative for antineutrinos) and focus them in the forward direction. Most of these particles subsequently decay into neutrinos in a 675 m long decay pipe. This paper describes the studies done for a new NOvA target design (also referred to as the new minimal target) and the placement of an addtional horn along the stripline to maximize the neutrino yield per proton in FHC (Forward Horn Current) as well as in RHC (Reverse Horn Current) configurations.
Overview of the NOvA Standard Target and Horn Configuration
The 1.2 m long NOvA target consists of 50 graphite segments (2.49 nuclear interaction length in total) as shown in Fig. 1 . There are 48 graphite segments (fins) 24 mm long in the beam direction equally spaced with gaps of 0.5 mm between them. The fins are 7.4 mm wide by 63 mm high and are cooled by water circulating in a baseplate at the bottom of the fins. The beam is centered from each horizontal edge of the fin width and 3.7 mm below the top of the fin height. There are two graphite segments acting as Budal Monitors [1] and electrically isolated from the rest of the target, one is vertical like the other fins to measure the horizontal position of the beam and the other one is mounted horizontally to measure the vertical position of the beam. The graphite is ZXF-5Q from Poco Graphite and has a density of 1.78 g/cc. The NOvA fins are wide enough to accommodate a beam spot of 1.3 mm RMS at 700 kW. The Horn 1 has been placed at the origin of the reference system (MCZERO) whereas the Horn 2 for NOvA has been moved from the Low Energy (LE) position (10.0 m from MCZERO) to the Medium Energy (ME) position (19.18 m from MCZERO) (See Fig. 3 ). NuMI target fins (red) as seen from above with the two focusing horns. Horn 1 (blue) starts at MCZERO. Horn 2 is shown in two positions, the Medium Energy (ME, in black) and the Low Energy (LE, in gray). The standard NOvA Horn 2 position is the ME position. Note that the vertical axis is in millimeters, while the horizontal axis is in meters.
Software Framework
The beamline simulation for this study uses FLUGG simulation package [3] that integrates Geant4 geometry description while using the physics models from FLUKA [4] to simulate the interactions and decays of particles as they propagate. The FLUGG simulation of the NuMI beamline begins with the primary proton beam, includes details of the beam line components like horns, decay pipe window, hadron absorber and muon monitors and models the hadronic cascade leading to a final neutrino flux. For the beam simulation studies discussed in the upcoming sections, the versions used are as follows:
• Beam spot size was kept at 1.1 mm.
• Horn current was set to 200 kA.
• All the plots are scaled to 6e20 protons on target (POTs).
The New NOvA Minimal Target Design and Horn Configuration
The conceptual design of the new minimal target consists of two components: a 24 fin upstream (exactly like the standard NOvA target) and a 24 fin downstream part (with the new design because it gets inserted inside of Horn 1). We chose to leave the upstream 24 fin design unchanged because the standard NOvA target has been a robust design during NuMI running to date. A good design principle is to keep the cooling function as far as possible from the graphite fin target portion hit by the NuMI beam. As the new minimal target design would see higher exposure in the coming years, this assumption could change as experience is acquired. The new minimal target design does have one additional advantage. The downstream part of the target that goes inside Horn 1 is only 60 cm long (the part inside of Horn 1 is only 46.55 cm long). The MINOS target design was 94 cm long and had very little strength in the horizontal direction. If the full 120 cm long new minimal target was all one design like the MINOS target, it would be fragile in the horizontal direction. The cross-sectional view of the new minimal target is shown in Fig 5. The intent is to maximize the bare fin distance between the beam spot and the cooling structure. The height of these 24 fins has been reduced to 17 mm from 24 mm to fit inside the Horn 1. The radius of the surrounding circular shell is 21.5 mm. At the maximum insertion point (+40 cm relative to MCZERO) the inner conductor inner surface of the Horn 1 is at 25.4 mm, so there is about 4 mm of radial clearance between this target and the Horn 1. Target   Table 1 and Table 2 show the total ν µ and ν µ event yield in ME configuration for the standard and the new NOvA minimal target respectively. For the ν µ flux, the new minimal target gains 11.5% relative to the standard target at the Near Detector and 11.3% at the Far Detector respectively. 
Optimization of the Horn 2 Position
The target to horn distance is flexible and the separation between two horns can also be changed. The inelastic collisons which produce mesons gives a transverse momentum to the particles produced, peaking at 0. The current target with the LE configuration is less productive than the ME one, for both FHC and RHC, however it is quite the opposite with the new minimal target design where the LE produces more yield than the ME configuration. Another interesting observation is that the new minimal target gives maximum number of ν µ events with the Horn 2 placed at 13 m. The ν e contamination also goes up but a very small fraction. Table 3 : ν µ event yield and the ν e contamination for standard target (ME configuration) and new minimal target (Horn 2 placed at 13 m) for FHC in 1-3 GeV energy range. For Far Detector, the events have been multiplied by a factor of 10
6 . The last row shows the percentage gain in the neutrino flux relative to that obtained with the standard target. Table 4 : ν µ event yield and the ν e contamination for standard target(ME configuration) and new minimal target (Horn 2 placed at 13 m) for RHC in 1-3 GeV energy range. For Far Detector, the events have been multiplied by a factor of 10 6 . The last row shows the percentage gain in the anti-neutrino flux relative to that obtained with the standard target. : ν µ energy spectra for new minimal target with Horn 2 at 13 m for NOvA (in red) and MINOS (in green) at the Far Detector for RHC. The spectra corresponding to the standard target in ME configuration are in blue (NOvA) and black (MINOS).
Target

Introduction of an Additional Horn
Our simulation studies have shown that the Horn 1 by itself focuses 60-65% of the neutrino yield. Introduction of an additional horn helps focusing pions exiting at large angles from the Horn 1. We simulated the three horn configuration with the introduction of an additional horn, identical to the Horn 2 since an identical Horn 2 might help avoid the long lead time for engineering and prototyping of a completely new horn design. The ν µ event yields produced for different positions of the two horn 2s were recorded (see Fig. 11 ). We observed a maximum number of ν µ events when the first Horn 2 is placed at 6 m and the last one at 16 m.
Summary
Our simulation studies show that moving the target fins inside Horn 1 in the new minimal target design is more productive than the standard target and we gain more neutrino yield without any shift in the peak position of the neutrino spectra. However moving the target inside the Horn 1 may increase the stress on the target material. This is being studied by the engineers from the Accelerator Division. An additional Horn identical to Horn 2 shows promising results. A detailed optimization of the position of the additional Horn is underway with the new target design. The new target design would have a significant impact on the time required to reach the desired significance for the oscillation parameters that NOvA is studying.
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